channel modulation is quite obvious: regulation of frequency and force of the heartbeat by neurotransmitters depends on modulation of the gating of Ca and K channels (9).
The finely tuned interplay between receptor occupancy and channel function also secures the plasticity required for the coordination of cell functions in extremely complex organs, such as the brain. Although elucidation of molecular mechanisms controlling channel function is well on the way, their meaning for higher function in the brain are poorly, or not at all, understood. There are exciting hints that long-term ion channel modulation may be involved in processes like learning. However, there is still a long way to go until we really understand such complex events. When a mosquito takes in a blood meal that is twice its body weight, flying and easy maneuvering become a problem.
To get rid of the extra water, the mosquito produces a copious flow of urine that begins even before the meal has been completed.
How is this diuresis controlled? If diuretic hormones exist, then they should exist in blood-feeding insects. When the female yellow-fever mosquito (Aedes aegypti) feeds on blood (to acquire proteins for egg production), it consumes a blood meal nearly twice its own body weight. This enormous payload threatens the successful completion of the reproductive cycle by impairing flight and reducing maneuverability.
The potentially dangerous consequences of gorging are avoided because a large part of the blood meal is rapidly eliminated from the body. Adding insult to injury, the mosquito begins to urinate on the skin of its host even before the blood meal has been finished.
The initial diuresis eliminates sodium chloride and water, which rids the mosquito of the salt and water fraction of the blood meal (9). The magnitude, short latency, and specificity of this NaCl diuresis suggest the operation of an endocrine l oop ingestion of dlood to ackelerated that-couples the rates of renal excretion.
Secretion in Malpighian tubules
The "kidneys" of the yellow-fever mosquito consist of five blind-ended the hemolymph of the abdomen (Fig.  1A) . The closed end of the tubule terminates in the hemolymph; the other end opens into the gut at the junction of the midgut and the hindgut. There is no glomerular filtration. Urine is secreted into the blindended portion of the tubule and is then modified by additional epithelial transport mechanisms during its passage through the Malpighian tubule, the hindgut, and the rectum. A Malpighian tubule consists of two cell types, large principal cells and small stellate cells (Fig. 1B) . From intracellular electrophysiological measurements we know that the principal cells are the sites of epithelial cation secretion (3, 6).
Isolated blind-ended segments of the Malpighian tubule secrete fluid in vitro. Secretion rates average 0.8 nl/min (Fig. ZA) . The secreted fluid is nearly isosmotic with the bathing Ringer and consists of almost equimolar concentrations of NaCl and KC1 (Fig. 2A and Ref. 7) . When cyclic AMP (CAMP) is added to the bathing Ringer sol-ution, the rate of fluid secretion increases three-to fourfold, the Na concentration in the secreted fluid rises, and the K concentration falls (Fig. ZA) . As a result, the secretion rates of NaCl are increased and KC1 secretion rates remain unchanged.
The selective increase of NaCl and fluid secretion induced by CAMP is Most of these transepithelial effects stem from the effects of CAMP on the basolateral membrane, where CAMP lowers the fractional membrane resistance by increasing the Na conductance. This facilitates the entry of Na into the cell as part of the mechanism of stimulating active Na secretion (3, 6). This CAMP-mediated mechanism of stimulating Na secretion could be involved in vivo in the initial NaCl diuresis that begins during the blood meal.
Transepi .thelial volta .ge as a rapid bioassay for diu .retic activ ity Since the stimulation of NaCl secretion by CAMP hyperpolarizes the transepithelial voltage, it can be expected that extracellular messengers or hormones that stimulate NaCl and fluid secretion via CAMP also affect the transepithelial voltage. Therefore, changes in the transepithelial voltage of isolated perfused Malpighian tubules can be used as a preliminary assay for substances that affect NaCl and fluid secretion.
Use of the transepithelial voltage as a bioassay for diuretic activity has the advantage over other bioassays because in a couple of hours as many as 120 bioassavs can be run in a single isolated Malpighian tubule [ Fig. 3 ). The tubule is first prepared for in vitro microperfusion as shown in Fig. 3A , and the transepithelial voltage, VT, is monitored as test substances are injected into the bath.
Injection of an aqueous extract of mosquito heads into the bath depolarizes the transepithelial voltage (data not shown, Ref. 8). After passage of this extract through a highpressure liquid chromatography column, only pool E, eluting from the column between 10 and 60% acetonitrile gradients, affects the transepithelial voltage (Fig. 33 ).
Further separation of pool E by high-pressure liquid chromatography methods yields three fractions, each separated by inactive fractions, which affect the transepithelial voltage (Fig. SC, Ref. 4) . Fractions I and II depolarize the transepithelial volt-CONTROL age, and fraction III first depolarizes and then hyperpolarizes the transepithelial voltage (Fig. SC) . The hyperpolarizing effect of fraction III is similar to that of CAMP (Fig. 2) .
Active fractions are peptides
The active substances isolated by high-pressure liquid chromatography are heat stable, but they lose biological activity after treatment with the proteolytic enzyme pronase (5). Inactivation by pronase indicates a peptide, and thermostability of these peptides indicates a low molecular mass. Indeed, gel filtration studies reveal the following molecular masses: fraction I, 2.4 kDa; fraction II, 2.7 kDa, and fraction III, 1.9 kDa (5).
Activ 'e fractions increase fluid secretion in vitro NaCl and Two of the three fractions isolated from mosquito heads, fractions II and III, stimulate fluid secretion in isolated Malpighian tubules (Fig. 4) . Like CAMP, the two fractions stimulate NaCl secretion and not KC1 (Fig. 4A and Ref. 4) . In addition, fraction III hyperpolarizes the transepithelial voltage and causes a nearly lo-fold increase in the concentration of intracellular CAMP (Fig. 4B) Hemolymph taken from blood-fed and then decapitated mosquitoes rapidly loses its diuretic potency (Fig. SD) .
These results indicate that the head is a site of synthesis, storage, and/or release of the diuretic material and that the diuretic material has a short life in the hemolymph of the insect. The small quantities of hemolymph that can be collected from single mosquitoes have so far prevented us from confirming that the hemolymph-borne diuretic substance is the natriuretic peptide that we have isolated from mosquito heads.
In vivo effects of natriuretic peptide
Ablation-replacement experiments are the classical method of demonstrating hormone-mediated mechanisms.
The natriuretic factor that we have isolated from mosquito heads stimulates NaCl secretion in isolated Malpighian tubules, but does it also stimulate urine excretion in vivo? To answer this question ur- ine flow rates in vivo are of interest (Wheelock et al., unpublished observations) .
In mosquitoes maintained on a 3% sucrose diet, urine flow rates are ~0.15 nl/min (Fig. 6A ). Urine flow rates increase quickly to 23 nl/min during and following a blood meal (Fig. 6B) . This diuresis rapidly declines when the mosquito is decapitated after the blood meal and control injected with Ringer solution (Fig. 6C) .
The injection of natriuretic peptide into the hemolymph of these decapitated mosquitoes restores urine excretion rates toward the diuretic rates observed in intact mosquitoes (Fig. 6D) . Hence, the natriuretic peptide that we have isolated from mosquito heads stimulates fluid secretion in vitro (Fig. 4) and urine excretion in vivo (Fig. 6 ). Other in vivo experiments show that the concentrations of CAMP in Malpighian tubules peak during the initial diuresis when the mosquito excretes a NaCl-rich urine (3). (Fig. 2) . A: effects on electrolyte and fluid secretion, B: effects on transepithelial voltage (VT) and intracellular CAMP content.
Is the natriuretic peptide a hormone?
Our in vivo and in vitro observations are internally consistent with the hormonal control of the initial NaCl diuresis in blood-feeding mosquitoes. Briefly, the in vivo evidence is as follows. The ingestion of a blood meal triggers a prompt NaCl diuresis and not a KC1 diuresis in intact mosquitoes ( Fig. 6B and Ref. 9) . The initiation and the maintenance of this diuresis requires the presence of the head (Fig. 6) . Malpighian tubules isolated from mosquitoes during the NaCl diuresis contain elevated intracellular CAMP concentrations (3). Only hemolymph collected from mosquitoes during the NaCl diuresis stimulates fluid secretion in isolated Malpighian tubules (Fig. 5) .
The in vitro evidence is as follows. Mosquito heads contain a natriuretic peptide (Figs. 3, 4) . This natriuretic peptide increases the intracellular CAMP concentration in isolated Malpighian tubules and mimics the effects of CAMP by stimulating NaCl secretion and not KC1 secretion in isolated Malpighian tubules (Figs. 2,  4) . The peptide stimulates urine excretion in vivo when injected into the hemolymph (Fig. 6 ). Together these studies support the concept of an endocrine regulatory function of the natriuretic peptide.
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In view of the specific actions of natriuretic peptide and CAMP in stimulating Na secretion, we propose that the binding of the natriuretic peptide to receptors on the basolatera1 membrane of Malpighian tubule epithelial cells stimulates adenylate cyclase activity, increasing intracellular CAMP concentration. Increased intracellular CAMP concentrations in turn lead to an increase in Na conductance, and hence increased rates of Na entry from the bath (hemolymph) into the cell, as the first step in increasing transepithelial Na secretion (3, 6).
Some unanswered questions
At present, we are not certain that the diuretic substance present in the hemolymph of blood-fed mosquitoes is the natriuretic peptide that we have isolated from mosquito heads. To confirm this conclusion would require elucidating the molecular structure of both the mosquito natriuretic peptide and the diuretic substance in the hemolymph of bloodfed mosquitoes.
At the moment we have two lowmolecular-mass peptides with natriuretic properties. It is possible that the smaller peptide, the natriuretic peptide, with a molecular mass of 1.9 kDa is an artifact of the isolation procedure and is really a fragment of the larger molecule with a molecular mass of 2.4 kDa. Alternatively, the natriuretic peptide may exist in several complexed forms.
A major question concerning the physiological feedback loop is the afferent input to the release of the natriuretic peptide. How is the act of A: urine flow in a mosquito fed a 3% sucrose solution.
B: urine flow in a blood-fed mosquito.
In feeding on blood coupled to the release of the hemolymph-borne diuretic material? Does a neural signal originate from stretch receptors in the midgut or elsewhere, or is the signal chemical in nature?
An intriguing question concerns the mechanism of Na extrusion across the apical (luminal) membrane of the Malpighian tubule. Na entry into the cell across the basolateral membrane appears to be energetically "downhill" through conductive Na channels, If so, then extrusion of Na across the apical membrane must be energetically "uphill." This transport step may be mediated via active transport mechanisms, either directly via Na pumps (primarv active transport) or indirectly via carriers (secondary active transport). The mechanism by which the counter ion of Na secretion, Cl, is secreted into the tubule lumen also needs to be investigated.
From the perspective of comparative physiology the mechanism of diuresis in the mosquito is not without parallels in mammalian physiology. The vampire bat has the same flight problems as the mosquito after a blood meal, and, like the mosquito, the vampire bat commences diuresis before the blood meal has been finished. The initial diuresis is a NaCl diuresis, as it is in the mosquito (2). It is tempting to propose that the vampire bat also has a natriuretic peptide. Whether this peptide is like the mosquito natriuretic factor, or the mammalian atria1 natriuretic factor, or some other substance is unknown. However, on first sight it is tempting to consider the notion that the mosquito and the vampire bat, in spite of their phylogenetic separation, are employing similar mechanisms of dealing with the threats of isotonic volume expansion
Conclusion
Blood-feeding mosquitoes begin to urinate at high rates even before the blood meal has been completed. The initial diuresis rids the insect of the water and salt fraction of the blood meal. The diuresis appears to be mediated via a low-molecular-mass natriuretic peptide that we have isolated from mosquito heads. The peptide stimulates NaCl and fluid secretion in isolated Malpighian tubules.
Injection of the natriuretic peptide into the hemolymph of mosquitoes elicits a diuresis. Hemolymph taken from mosquitoes during the blood meal stimulates fluid secretion in isolated Malpighian tubules. Hemolymph from mosquitoes that drink a sucrose solution lacks diuretic potency. These studies suggest that the natriuretic peptide is a hormone that initiates a NaCl diuresis.
